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1
FIELD GRADING MATERIAL

TECHNICAL FIELD OF THE INVENTION AND
PRIOR ART

The present mvention relates to a field grading material
consisting of a polymeric matrix provided with filler particles
as well as a device for grading an electric field 1n high-voltage
applications. The invention also relates to a method for grad-
ing an electric field at a joint or termination of an electric
power cable.

At the transition of an electric field from a first medium to
a second medium, electric stresses harmtful to the electric
equipment can ensue due to a discontinuity in the electric
field. In a shielded high-voltage cable for instance, the electric
field 1s uniform along the cable axis and there 1s variation 1n
the field only 1n the radial direction. When the cable 1s termi-
nated or spliced, the shield of the cable 1s removed for a
distance along the cable. The removal of the shield causes a
discontinuity 1n the electric field at the shield end, resulting 1n

high electric stresses. These high stresses must be reduced 1n
order not to impair the expected life of the system.

The electric stresses 1n question can be reduced by grading
the electric field at the transition of the electric field from the
first medium to the second medium, e.g. from a shielded cable
part to a cable part where the original shield has been
removed. A number of methods have been developed and
employed for this kind of field grading. The present invention
1s related to so called resistive and capacitive field grading.

The resistive field grading can be used 1n alternating cur-
rent as well as direct current applications. Resistive field
grading can also be used in order to achieve field grading
when voltages are occurring 1n the form of impulses. In case
of a cable ending of the kind indicated above, a body having
a suitable resistance 1s mntroduced around the unshielded part
of the cable in the area closest to the shielded part of the cable
and 1n electric contact with the shield. When a positive volt-
age 1s applied across the cable a current flows through the
body towards the shield of the cable, which shield 1s at earth
potential. A resistive voltage drop then occurs 1n the body,
which results 1n a more uniform distribution of the potential.
This potential distribution will be more linear if the body
consists ol a material exhibiting a non-linear electrical resis-
tance that decreases with an increasing electric field. The
closer to the edge of the shield, the higher the electric field 1n
the field grading body and, consequently, the lower the elec-
trical resistance 1n the body 1f the body exhibits such a non-
linear electrical resistance. In this way, the voltage drop along
the field grading body will become more uniformly distrib-
uted 1n a body that exhibits such a non-linear electrical resis-
tance than 1n a body that does not.

The capacitive field grading 1s used 1n alternating current
applications. Capacitive field grading can also be used 1n
order to achieve field grading when voltages are occurring 1n
the form of impulses. In case of a cable ending of the kind
indicated above, a body of a material having a dielectric
constant higher than that of the insulation and as low losses as
possible 1s introduced around the unshielded part of the cable
in the area closest to the shielded part of the cable and 1n
clectric contact with the shield, whereby a spreading of the
equipotential lines will be achieved. Capacitive field grading
properties are also desired 1n a material adapted for grading
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the electric field 1n high-voltage direct current applications so
as to achueve an effective field grading in case of suddenly
occurring voltage surges.

SUMMARY OF THE INVENTION

The object of the present mmvention 1s to provide an
improved field grading material.

It has been found that the use of a filler essentially consist-
ing of nanoscale particles, 1.e. particles having at least one
dimension smaller than or equal to 100 nm, results 1n perco-
lation at a lower filler concentration 1n the material as com-
pared to a corresponding material comprising a filler consist-
ing of particles of larger size. Thus, with the material
according to the mvention, desired field grading properties
can be obtained with a relatively low concentration of filler in
the matrix, implying improved processability and improved
mechanical properties of the field grading material. The lower
the concentration of filler in the matrix, the better the process-
ability and the better mechanical properties of the field grad-
ing material.

Furthermore, the use of a filler essentially consisting of
nanoscale particles results in increased electrical breakdown
strength of the field grading material as compared to a corre-
sponding material comprising a filler consisting of particles
of larger size. The electrical breakdown strength of the field
grading material also increases with decreasing filler concen-
tration. Consequently, the invention makes 1t possible to
achieve a field grading material having very high electrical
breakdown strength and thus being well suited for high-volt-
age applications.

In this description and the subsequent claims the term
“nano-sized particles™ refers to particles having at least one
dimension smaller than or equal to 100 nm, e.g. particles
having a width, length and/or height smaller than or equal to
100 nm. The nano-sized particles may of course have several
or all dimensions smaller than or equal to 100 nm. The nano-
s1zed particles may e.g. be essentially spherical or cylindrical
with a diameter smaller than or equal to 100 nm. It 1s empha-
sised that the nano-sized particles of the filler may have any
shape as long as they 1n at least one of their dimensions are
smaller than or equal to 100 nm.

In this description and the subsequent claims the term
“field grading effective amount of filler particles” refers to an
amount of filler particles that 1s suificient for giving the mate-
rial the desired field grading properties.

According to a preferred embodiment of the invention, the
filler comprises a field grading effective amount of particles
having one dimension between 2-80 nm, preferably 5-50 nm
and most preferably 5-30 nm. It has been found that the above
indicated advantages of the inventional field grading material
are further improved when the size of the filler particles
decreases from 100 nm and downwards. However, 1t 1s con-
sidered that a dimension of about 2 nm of the particles 1s the
practical lower limait. If the particles are smaller than that, it
will be very difficult to disperse the particles in the material
and to prevent the particles from agglomerating.

A filler exhibits an essential increase 1n surface area per
unit volume when the dimension of the particles 1n the filler
decreases from 100 nm and downwards. The surface area per
unit volume of the filler as a function of the particle size 1s
illustrated 1n FIG. 1 for spherical filler particles that are fully
dispersed in a matrix material. This increase of the surface
area per unit volume 1s believed to be an important reason for
the beneficial effects associated with the field grading mate-
rial according to the invention.
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Further preferred embodiments of the field grading mate-
rial according to the mvention will appear from the subse-
quent description.

The invention also relates to a device for grading an electric
field 1n high-voltage applications.

The mvention also relates to a method for grading an elec-
tric field at a joint or termination of an electric power cable.

BRIEF DESCRIPTION OF THE DRAWINGS

With reference to the enclosed drawings, a more specific
description of embodiment examples of the ivention will
tollow hereinbelow.

In the drawings

FIG. 1 1s a diagram showing the surface area per umit
volume as a function of the particle size for particles, fully
dispersed 1n a matrix material, having a spherical shape,

FIG. 2 1s a diagram showing the electrical resistivity of
different field grading matenals as a function of filler concen-
tration,

FIG. 3 1s a diagram showing the electrical breakdown
strength of different field grading materials as a function of
filler concentration,

FIG. 4 1s a diagram showing the dielectric constant (per-
mittivity) of different field grading matenials at 1 kHz as a
function of filler concentration,

FIG. 5 1s a diagram showing the electrical resistivity of
different S1C fillers as a function of electric field strength, and

FIG. 6 1s a schematic longitudinal sectional of a termina-
tion of an electric power cable, provided with a body of field
grading material according to the invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS OF THE INVENTION

The field grading material according to the present mnven-
tion consists of a polymeric matrix provided with a filler. The
filler comprises a field grading effective amount of particles
having at least one dimension smaller than or equal to 100 nm.

The surface area per unit volume of a filler comprising
spherical particles as a function of the particle size 1s 1llus-
trated 1n FIG. 1. From the diagram of FIG. 1, 1t can be seen
that a filler exhibits an essential increase 1n surface area per
unit volume of a fully dispersed filler when the dimension of
the particles 1n the filler decreases from 100 nm and down-
wards. The gradient of the curve C, showing the surface area
per unit volume of a filler as a function of the particle size
increases rapidly as the size of the particles 1s gradually
reduced below 100 nm. It has been found that several impor-
tant properties associated with the field grading effects of a
field grading material of the above-indicated kind are essen-
tially and surprisingly improved as the dimension of the par-
ticles 1n the filler 1s reduced below 100 nm.

The polymeric matrix in the field grading material accord-
ing to the mvention 1s suitably provided with a filler compris-
ing a field grading efiective amount of particles having at least
one dimension between 2-80 nm, preferably 5-30 nm and
most preferably 5-30 nm.

FIG. 2 1s a diagram showing the electrical resistivity of
some different field grading materials as a function of filler
concentration (percentage by volume). A first curve C,; 1s
related to a field grading material consisting of a matrix of
LDPE provided with a filler of ZnO-particles having an aver-
age size of about 0.3 um (300 nm). A second curve C,, 1s
related to a field grading material consisting of a matrix of
LDPE provided with a filler of ZnO-particles having an aver-
age size of about 49 nm. A third curve C,, 1s related to a field
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grading material consisting of a matrix of LDPE provided
with a filler of ZnO-particles having an average size of about
24 nm. It 1s evident from this diagram that percolation begins
at an essentially lower filler concentration for the matenals
comprising nano-sized filler particles (curves C,, and C, ;) as
compared to the material comprising micro-sized filler par-
ticles (curve C,,). For the materials related to the curves C,,
and C,; percolation begins at a filler concentration of about
12% by volume and 15% by volume, respectively, whereas
percolation begins at a filler concentration of about 28% by
volume for the material related to the curve C,,. The smaller
the size of the particles, the lower the filler concentration
required for percolation.

FIG. 3 1s a diagram showing the electrical breakdown
strength of two different field grading materials as a function
of filler concentration (percentage by volume). One of the sets
of measured data points 1n FIG. 3 1s related to a field grading
material consisting of a matrix of LDPE provided with a filler
of ZnO-particles having an average size of about 0.3 um (i.e.
micro-sized particles). The other set of measured data points
in FIG. 3 1s related to a field grading material consisting of a
matrix of LDPE provided with a filler of ZnO-particles hav-
Ing an average size of about 50 nm (1.€. nano-sized particles).
It can be seen 1n this diagram that the material comprising
nano-sized {iller particles has a higher electrical breakdown
strength than the material comprising micro-sized filler par-
ticles at a given filler concentration. Consequently, a higher
clectrical breakdown strength of a field grading material can
be obtained when using nano-sized filler particles as com-
pared to using micro-sized filler particles. Thus, a field grad-
ing material comprising nano-sized particles 1s suitable for
high-voltage applications. It can also be seen 1n the diagram
that the electrical breakdown strength of the respective field
grading maternal increases with decreasing filler concentra-
tion.

The nano-sized filler particles suitably constitute less than
40% by volume, preferably less than 30% by volume and
most preferably less than 20% by volume of the field grading
material.

The polymeric matrix of the field grading material accord-
ing to the present invention suitably consists, or at least essen-
tially consists, of rubber, thermoplastics or thermoplastic
clastomer. It 1s preferred that the matrix consists, or at least
essentially consists, of polyolefin rubber or thermoplastic
polyolefin elastomer/plastomer, preterably including EPDM
(Ethylene Propylene Diene Monomer) rubber or silicone rub-
ber, or of crystalline thermoplastics, preferably polyethylene.

The nano-sized filler particles are suitably dispersed in the
polymeric matrix by ordinary melt-mixing.

According to a first variant of the invention, the filler 1s of
a material where the bulk has a dielectric constant at infinitely
high frequencies of at least 5, preferably Al,O;, T10, or
BaTi0,. This implies that the field grading material has ettec-
tive capacitive field grading properties 1n possible combina-
tion with resistive field grading properties. It 1s previously
known that the dielectric constant of a matenal consisting of
a polymeric matrix with filler 1s fairly independent of the size
of the hugh dielectric constant particles of the filler. However,
it has surprisingly been found that there 1s a dramatic increase
in the dielectric constant when the size of the particles 1n the
filler 1s decreased to such an extent that the particles have one
dimension smaller than or equal to 100 nm. Therefore, by
decreasing the size of the high dielectric constant particles 1n
the filler to such an extent that the particles have one dimen-
s1ion smaller than or equal to 100 nm, a field grading material
having a desired dielectric constant can be obtained with a
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filler concentration being essentially lower as compared to a
corresponding material comprising a filler consisting of par-
ticles of larger size.

FIG. 4 1s a diagram showing the dielectric constant (per-
mittivity) of two different field grading materials, which are
subjected to an alternating voltage having a frequency of 1
kHz, as a function of filler concentration (percentage by vol-
ume). One of the sets of measured data points in FIG. 4 1s
related to a field grading material consisting of a matrix of
Engage® provided with a filler of Al,O,-particles having an
average size larger than 100 nm, 1.e. micro-sized particles.
The other set of measured data points in FIG. 4 1s related to a
field grading material consisting of a matrix of Engage®
provided with a filler of Al,O,-particles having an average
s1ze of about 33 nm, 1.e. nano-sized particles. It can be seen1n
this diagram that the material comprising nano-sized filler
particles has a higher dielectric constant than the materal
comprising micro-sized filler particles at a given filler con-
centration.

According to a second variant of the invention, the filler 1s
of a semiconducting material, 1.e. a material having an energy
bandgap larger than 0 ¢V and smaller than about 5 eV, pref-
erably ZnO or Si1C. The use of semiconducting filler mater-
als, such as ZnO or S1C, normally results in a non-linear
clectrical resistance of the field grading material, 1.e. a resis-
tance that decreases with an increasing electric field. This
non-linearity of the resistance can be favourable 1n certain
applications as previously indicated. The onset of the non-
linearity of the resistance, 1.e. the electrical field strength at
which the resistance changes from an essentially linear to an
essentially non-linear behaviour, increases with decreasing
s1ze of the particles 1n the filler. Thus, a maternal according to
this variant of the mvention exhibits an onset of the non-
linearity of the resistance being at a higher field strength as
compared to a corresponding material comprising a filler
consisting of particles of larger size. When the onset of the
non-linearity of the resistance 1s at a lhigher field strength,
reliable resistive field grading at high electrical fields
becomes possible. This may be combined with suitable
capacitive field grading properties.

FIG. 5 1s a diagram showing the electrical resistivity of
different S1C fillers as a function of electric field strength. One
ol the sets of measured data points 1n FIG. S1srelated to a pure
S1C powder comprising SiC particles having an average size
of about 10 um, 1.e. micro-sized particles. The other set of
measured data points 1n FI1G. 5 1s related to a pure S1C powder
comprising S1C particles having an average size of about 20
nm, 1.€. nano-sized particles. It can be seen 1n this diagram
that the material comprising nano-sized particles exhibits an
onset of the non-linearity of the resistance being at a higher
clectric field strength, about 10 kV/cm, as compared to the
material comprising micro-sized particles, for which the
onset of the non-linearity of the resistance 1s below 1 kV/cm.

For a matenal comprising particles of micro-size and
larger, the onset of the non-linearity of the resistance 1s essen-
tially reciprocally proportional to the particle size. It has
however been noticed that the onset of the non-linearity of the
resistance 1s not reciprocally proportional to the particle size
for a material comprising particles of nano-size. This 1s
advantageous since the onset of the non-linearity of the resis-
tance would have been at a far too high electric field strength
for a material comprising a filler of nano-sized particles 11 the
reciprocal proportionality had applied also for nano-sized
particles.

According to a preferred embodiment of the invention, the
nano-sized filler particles essentially have a high aspect ratio,
1.€. an aspect ratio of more than 1, preterably more than 5 and
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most preferably more than 10. Said particles may be provided
in the form of fibres, fibrils, whiskers, flakes, tubes, ellipsoids
etc.

If the particles having a high aspect ratio are randomly
oriented 1n the matrix, an 1sotropic field grading material 1s
obtained. The use of such particles randomly oriented 1n the
matrix results 1n percolation at a lower filler concentration as
compared to a corresponding material comprising a filler
consisting of particles having essentially a spherical shape.

If the particles having a high aspect ratio are oriented to
extend essentially 1n the same direction 1n the matrix, 1.e. 1if
they are oriented 1n a specific preferred direction i1n the
matrix, an amsotropy 1n field grading properties 1s conterred
to the field grading material, which anisotropy can be favour-
able 1n certain applications.

A field grading material according to the invention 1s suit-
able foruse at a joint or termination of an electric power cable,
in which case a body comprising the field grading material 1s
introduced 1n the cable joint or cable termination. FIG. 6
schematically illustrates a cable termination 1 provided with
a body 2 of field grading material according to the present
invention. The cable 3 comprises a conductor 4 surrounded by
an isulation 5. A shield 6 1s arranged outside the insulation 5,
said shield being connected to ground. The end of the cable 3
1s unshielded, 1.e. at the end of the cable the insulation 5 1s not
covered by any shield. The body 2 of field grading matenal 1s
introduced around the unshielded part of the cable 1n the area
closest to the shielded part of the cable and 1n electric contact
with the shield 6. The body 2 of field grading maternal wall
secure a uniform distribution of the potential at the cable
termination, as 1llustrated by the equipotential lines 7 1n FIG.
6. Only the upper half of the longitudinal section of the cable
termination 1s shown in FIG. 6.

A field grading material according to the mvention 1s par-
ticularly suitable for use 1n a device for grading an electric
field 1n high-voltage applications. Such a device could e.g.
comprise a body 2 of the type illustrated 1n FI1G. 6 for use at a
cable termination or cable joint or in any other type of appli-
cation where a grading of an electric field 1s required.

The mvention 1s of course not 1 any way limited to the
preferred embodiments described above. On the contrary,
several possibilities to modifications thereof should be evi-
dent to a person skilled in the art, without deviating from the
basic 1dea of the mvention as defined 1n the appended claims.
It 1s for instance possible to include an additional smaller
amount of micro-sized filler particles in the matrix, as long as
the essential field grading efiects are defined by the nano-
s1zed filler particles included 1n the matrix.

The invention claimed 1s:

1. A field grading material for grading an electric field in
high voltage applications, the field grading material compris-
ng:

a polymeric matrix comprising a filler, wherein the filler
comprises a resistive and/or capacitive field grading
elffective amount of particles having at least one dimen-
sion smaller than or equal to 100 nm, wherein said
particles comprise any semiconducting material having
an energy bandgap larger than 0 eV and smaller than 5
¢V, wherein the particles are dispersed in the polymeric
matrix, and wherein the field grading material comprises
less than 40% by volume of the filler particles.

2. The field grading matenal according to claim 1, wherein
the filler comprises a field grading effective amount of par-
ticles having one dimension between 2-80 nm.

3. The field grading maternal according to claim 1, wherein
said particles comprise any material where the bulk has a
dielectric constant at infinitely high frequencies of at least 5.




US 7,868,079 B2

7

4. The field grading material according to claim 1, wherein
said particles have an aspect ratio of more than 1.

5. The field grading material according to claim 4, wherein
the particles having an aspect ratio of more than 1 are ran-
domly oriented in the matrix.

6. The field grading material according to claim 4, wherein
the particles having an aspectratio of more than 1 are oriented
in essentially the same direction 1n the matrix.

7. The field grading material according to claim 4, wherein
said particles having an aspect ratio of more than 1 are pro-
vided in the form of fibers, fibrils, whiskers, tlakes, ellipsoids
or tubes.

8. The field grading material according to claim 1, wherein
said particles constitute less than 40% by volume of the field
grading material.

9. The field grading material according to claim 1, wherein
the matrix essentially consists of rubber, thermoplastics or
thermoplastic elastomer.

10. The field grading material according to claim 9,
wherein the matrix essentially consists of polyolefin rubber or
thermoplastic polyolefin elastomer/plastomer, or of crystal-
line thermoplastics.

11. A device for grading an electric field in high-voltage
applications, the device comprising:

a field grading material comprising a polymeric matrix
comprising a filler, wherein the filler comprises a resis-
tive and/or capacitive field grading effective amount of
particles having at least one dimension smaller than or
equal to 100 nm, and wherein said particles comprise
any semiconducting material having an energy bandgap
larger than O €V and smaller than 5 eV.

12. A method for grading an electric field at a joint or
termination of a high-voltage electric power cable, the
method comprising:

combining a polymer with a filler, wherein the filler com-
prises a resistive and/or capacitive field grading effective
amount ol particles having at least one dimension
smaller than or equal to 100 nm, and wherein said par-
ticles comprise any semiconducting material having an
energy bandgap larger than O €V and smaller than 5 eV;

forming a body of the polymer and filler; and

introducing the body into the cable joint or cable termina-
tion.

13. The field grading material according to claim 1,
wherein the filler comprises a field grading effective amount
of particles having one dimension between 5-50 nm.

14. The field grading material according to claim 1,
wherein the filler comprises a field grading effective amount
of particles having one dimension between 5-30 nm.
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15. The field grading matenial according to claim 1,
wherein said particles comprise ZnO or SiC.

16. The field grading maternial according to claim 1,
wherein said particles comprise Al,O;, T10, or BaTiOs;.

17. The field grading matenial according to claim 1,
wherein said particles have an aspect ratio of more than 5.

18. The field grading material according to claim 17,
wherein the particles having an aspect ratio of more than 5 are
randomly oriented 1n the matrix.

19. The field grading material according to claim 17,
wherein the particles having an aspect ratio ofmore than 5 are
oriented 1n essentially the same direction in the matrix.

20. The field grading material according to claim 17,
wherein said particles having an aspect ratio of more than 5
are provided 1n the form of fibers, fibrils, whiskers, tlakes,
cllipsoids or tubes.

21. The field grading material according to claim 1,
wherein said particles have an aspect ratio of more than 10.

22. The field grading material according to claim 21,
wherein the particles having an aspect ratio of more than 10
are randomly oriented in the matrix.

23. The field grading material according to claim 21,
wherein the particles having an aspect ratio of more than 10
are oriented 1n essentially the same direction in the matrix.

24. The field grading material according to claim 21,
wherein said particles having an aspect ratio of more than 10
are provided in the form of fibers, fibrils, whiskers, flakes,
cllipsoids or tubes.

25. The field grading material according to claim 1,
wherein said particles constitute less than 30% by volume of
the field grading material.

26. The field grading material according to claim 1,
wherein said particles constitute less than 20% by volume of
the field grading material.

27. The field grading material according to claim 9,
wherein the matrnix includes Ethylene Propylene Diene
Monomer rubber or silicone rubber, or polyethylene.

28. The device according to claim 11, further comprising

a cable joint or cable termination, wherein the body 1s
arranged around a portion of the cable.

29. The field grading material according to claim 1,
wherein the field grading material comprises less than 30%
by volume of the filler particles.

30. The field grading material according to claim 1,
wherein the field grading material comprises less than 20%
by volume of the filler particles.
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